Quorum sensing in bacteria controls many processes, ranging from virulence factors production, pigmentation, biofilm formation, amongst others. 1 The QS process starts with the production of signal molecules called autoinducers (AIs) by QS synthases, followed by exportation into the extracellular media and the perception of the signal by either membrane bound receptors (e.g. LuxP in vibrios) or intracellular (e.g. LuxR-type) QS receptors. The binding of autoinducers to these receptors ultimately leads to the modulation of transcriptional activators or repressors. Although many classes of QS autoinducers exist, the three main ones that have been actively studied are the Gram-positive peptides, 2 Gram-negative acyl homoserine lactones 3 and AI-2 (a mixture of interconverting isomers, see Fig. 1 ), which is used by both Gram-negative and Gram-positive bacteria. 4 AI-2 is a complex and fascinating QS molecule. It is produced by many bacterial strains and either the molecule itself or its synthase, LuxS, affects the physiology (including biofilm formation) 1b,5 of multitudes of bacteria, some of which are of clinical and bioterrorism relevance, such as Vibrio cholera,
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Yersinia pestis 7 and Staphyloccocus aureus. 8 AI-2 production, as well as its degradation, affects central metabolism and emerging data suggest that it could be used as an alternative carbon source to produce acetyl-CoA. 9 From a chemical perspective, AI-2 shows remarkable diversity as a signaling molecule (see Fig. 1 for the possible inter-converting isomers of AI-2) and depending on environmental conditions, AI-2 can exhibit selectivity in QS signaling. For example, in the presence of boric acid (such as in aquatic environments), AI-2 predominantly forms the borate ester (4, Fig. 1 Due to the ubiquity of AI-2 in bacterial QS signaling, there is interest in developing small molecules that can modulate 14 LsrR is a response regulator that represses the transcription of many genes, including biofilm-related genes. Upon binding to phosphorylated AI-2, LsrR no longer binds to DNA and hence biofilm and virulence-related genes can be transcribed. Recently we revealed that LsrR actually bound to the 3-hydrated form of AI-2 (7, Fig. 1 ). 12 We rationalized that isosteric replacement at the C3 position of AI-2 could prevent isomerization into the 1,3-diketo analog (10), which is a substrate for LsrF degradation (see Fig. 2b ). 9 Analysis of interactions between P-AI-2 (phospho-3-hydrated DPD) and active-site residues in LsrR indicated that Asp243 was within 3 Å of the geminal diol unit of AI-2 (see Fig. 3 ), indicating that if Asp243 existed as the carboxylate form, then the hydrogens of the geminal diol could potentially form hydrogen-bonding interactions with this residue. A geminal bromide or chloride, but not fluoride, could recapitulate this interaction via the halogen bond (the strength of the halogen bond is as follows: I 4 Br 4 Cl c F). 18 On the other hand, if the Asp243 is protonated in the active site, then it is conceivable that the carbonyl moiety could still partake in a halogen bond interaction with one of the geminal halogens whereas the carboxylic acid OH group would act as a hydrogen bond donor to the halogen. 19 It is the ambivalence of higher halogens (presence of lone pairs for hydrogen bond formation and presence of a low lying s* C-X , see Fig. S1 , ESI † or sigma hole for halogen bond formation) 20 that makes them ideal for isosteric replacement for the geminal diol. Attempted synthesis of targeted dihalogen compounds 15-20 was fraught with difficulties because the final products were volatile (see ESI, † Scheme S1). Others and us have, however, demonstrated that ester ''prodrug'' versions of AI-2 are convenient sources of AI-2 because the esters can be easily purified using column chromatography and used directly in QS assays without prior deprotection of the esters.
13b, 21 Presumably, esterases produced by bacteria hydrolyze the esters into the active compounds, obviating a need for ester unmasking prior to administration. Therefore we proceeded to make the ester ''pro-drug'' versions of compounds 15-20 as 31-36. Target compounds, 31-36 were synthesized using strategies shown in Scheme 1. With these molecules in hand, we investigated if they were nontoxic and could modulate quorum sensing in E. coli. Pleasingly, at 100 mM concentration, all of the compounds were non-toxic towards E. coli (see Fig. S2 , ESI †). Using the E. coli strain LW7 (LuxS À and harboring the b-gal gene), we could use the b-galactosidase assay (see ESI, † Fig. S4 ) to evaluate our analogs. 15, 16 The b-gal gene in LW7
is under the control of the LsrR repressor. At high concentration of P-AI-2, the ligand binds to LsrR to dissociate it from the LsrR promoter region, resulting in the transcription of the genes under the control of the LsrR repressor. 22 We have previously reported that the size of the C1 alkyl group of AI-2 and analogs determines whether an analog would be an LsrR agonist or antagonist. 16a Recently a rationale for this observation was provided via the crystal structure of LsrR in complex with AI-2 or analogs. 12 Based on the LsrR crystal structure analysis, we postulated that the C1 methyl dihalogen analogs would act as agonists whereas the isobutyl dihalogen analogs would be antagonists, as long as the isosteric replacement of the geminal hydroxyl group with halogens did not adversely affect binding of the ligand to LsrR. Interestingly dibromo-AI-2 (35) and dichloro-AI-2 (33), but not difluoro-AI-2 (31), could Fig. 4a ). Whereas the dibromo analog of AI-2 (35) was as potent as AI-2, the activity of the dichloro-AI-2 (33) was slightly lower than that of the native AI-2 molecule. In line with our expectation, none of the isobutyl dihalogen analogs were LsrR agonists, augmenting earlier observations that longer C1 chain AI-2 analogs are not agonists but are rather antagonists. 12, 13, 15, 16 Isobutyl AI-2 (14) is a potent inhibitor of AI-2 signaling, via LsrR binding, 12, 15, 16 and has been shown to inhibit E. coli biofilm formation, either alone or in combination with traditional antibiotics, such as gentamicin. 14 In fact isobutyl AI-2 (14) has a higher affinity for LsrR than AI-2; the dissociation constant, K d , of the AI-2/LsrR complex is 2.0 mM whereas isobutyl-AI-2/LsrR has a K d of 0.5 mM. 12 Since the dichloro and dibromo mimics of AI-2 (33, 35)
were potent LsrR agonists, we wondered if the isobutyl-dihalogens would also be potent antagonists of LsrR. Interestingly both isobutyl dibromo and dichloro analogs of AI-2 were antagonists of LsrR (see Fig. 4b ). Whereas in the absence of these ligands 20 mM AI-2 could induce b-gal expression, when equimolar amounts of isobutyl dibromo (36) or dichloro AI-2 (34) were added, these could compete with AI-2 and prevent b-gal expression above the background, see Fig. 4b . Here too the isobutyl difluoro analog (32) was not an effective antagonist. Next, we examined the effects of our analogs on E. coli W3110 pCT6 (luxS + ), which contains an egfp gene under LsrR control (also see ESI †). Because W3110 pCT6 can make its own AI-2, in the absence of any AI-2 antagonist, about 90% of the population expressed the EGFP protein, see Fig. 5 . The addition of the dihalogenated isobutyl DPD analogs caused a reduction of the EGFP expression. In agreement with the b-gal assay (Fig. 4) , dibromoiBu-AI-2 (36) was a better inhibitor than dichloro-iBu-AI-2 (34), which in turn was better than difluoro-iBu-AI-2 (32) (see Fig. 5 ).
To explain our observations that the dibromo analog was a better mimic of hydrated AI-2 than the dichloro analog, which was also better than the difluoro analog, we compared the size (sterics) and electronics of the geminal dihydroxyl moiety with the various dihalogens in the cyclized and linear analog forms (see Fig. S5 and Table S1 , ESI †). The space-filling models of AI-2 and its halogenated analogs (Fig. S5 , ESI †) revealed that the fluoro analog (15) was smaller in size compared with AI-2 DPD (7) while both the chloro and bromo analogs, (17) and (19) , were bigger than AI-2 DPD (7) (see Fig. S5 and also Table S1 , ESI †).
Apart from size, electronics could also play an important role in ligand-receptor binding. Electrostatic potential surfaces for AI-2 and analogs ( Fig. 6 and Fig. S6 , ESI †), in both linear and cyclic forms were calculated using Gaussian 09 23 at the B3LYP/6-31G(d) level with solvent effect (water, PCM model). For chloro-and bromo-analogs, in both linear and cyclized forms, there is a region of positive potential at the opposite end of the C-X bond (on the halogen side). This positive region is called s-hole, which is the basis of halogen bonding. So we speculate that chloro and bromo moieties in our analogs could function as electrophiles and partake in halogen bonding. Therefore even in the absence of hydroxyl groups, they could still interact with aspartic acid 243 in LsrR (see Fig. 3 and Fig. S1 , ESI †). In the case of difluoro analogs, neither the size of the fluoro moiety nor the electronics mimic the hydroxyl group well and hence the lack of activity (agonism or antagonism) seen with the difluoro substitution. An alternative explanation for the lack of activity of the difluoro analog could be the hydration of the C2 carbonyl group (100%) in the difluoro analog, due to the superior electronwithdrawing nature of fluorine, compared to the other halogens. 13-Carbon NMR, in the presence of water, of the fluoro analog reveals carbonyl peaks (see Fig. S3 , ESI †) and hence does not fully support this argument.
In conclusion, we have designed and prepared a new generation of AI-2 analogs with dihalogen at the C3 position. This set of analogs exhibited similar bioactivities with our earlier generation of analogs with modified C1 but intact C3 but has the added advantage that isomerization into a 1,3-diketo, which facilitates LsrF degradation, is not possible. This work demonstrates that geminal dihalogens, especially of higher halogens, are good mimics of hydrated moieties in biological ligands. It is expected that the substitution of geminal hydroxyl groups with dihalogen would afford molecules that could cross cell membranes more easily. Also for ligands whereby the hydrated form or keto form could facilitate degradation, such as in AI-2, isosteric replacement with dihalogens would provide more stable analogs. Geminal dihalogen-AI-2 adds to the increasing toolkit of small molecules that regulate bacterial phenotype. 24 We are grateful to NSF (CBET 1264509) and Camille Dreyfus Founbdation (Teacher-Scholar fellowship to HOS) for funding. Yue Zheng is supported by Kraybill biochemistry fellowship and Ad Michal is supported by HHMI grant.
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